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14. ABSTRACT 
Prostate cancer (PCa) is the most prevalent cancer among men, and second leading 

cause of cancer death among men in the US. Current clinical interventions for PCa 

include surgery and radiation therapy, and anti-hormone and androgen-deprivation 

therapy for early stage and hormone-sensitive PCa.  But, practically no therapy is 

currently available for non-resectable and hormone-refractory PCa.  We have 

developed 1,25-Dihydroxyvitamin D3-3-bromoacetate (1,25(OH)2D3-3-BE), a novel 

alkylating derivative of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), and in preliminary 
studies, demonstrated potent growth-inhibitory activity in several PCa cells.  These 

results suggest a strong therapeutic potential of this compound in PCa.     

The principal goal of this project is to evaluate the potential of 1,25(OH)2D3-3-BE 

as a therapeutic agent for prostate cancer in animal models of human prostate 

cancer, and explore the molecular mechanism/s of this compound in prostate cancer 

cells.  The ultimate goal of this project is to develop 1,25(OH)2D3-3-BE as a 

therapeutic agent for prostate cancer. 

  

Specific Aim 1: In vivo studies of 1,25(OH)2D3-3-BE in mouse models 

1A. Determine MTD of 1,25(OH)2D3-3-BE in non-tumor bearing SCID mice,  

1B.   Evaluate bio-availability of 1,25(OH)2D3-3-BE in a mouse model 

1B. Determine efficacy of 1,25(OH)2D3-3-BE in mouse xenograft models for human prostate 

tumor 

 

Specific Aim 2: Mechanistic studies of 1,25(OH)2D3-3-BE in prostate cancer cells  

2A. Evaluate the regulation of cell-cycle and apoptotic markers by 1,25(OH)2D3-3-BE 
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The scheme for the synthesis of 1,25(OH)2D3-3-BE 

Introduction 

 

Therapeutic potential of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in prostate cancer is well-recognized.  

However, its clinical use has been restricted by its inherent calcemic toxicity.  In recent studies we 

demonstrated that 1,25-dihydroxyvitamin D3-3-bromoacetate [1,25(OH)2D3-3-BE], a derivative of 

1,25(OH)2D3 that covalently links 1,25(OH)2D3 inside the ligand-binding pocket of nuclear vitamin D receptor 

(VDR) is a strong antiproliferative and pro-apoptotic agent in several androgen-sensitive and androgen-

refractory human prostate cancer cells.  Furthermore, in a preliminary study 1,25(OH)2D3-3-BE showed strong 

anti- tumor effect in a mouse model of prostate cancer without significant toxicity.  The goal of this project is to 

evaluate translational potential of 1,25(OH)2D3-3-BE as a therapeutic agent for prostate cancer.  This will be 

achieved by determining the efficacy of 1,25(OH)2D3-3-BE in mouse models of human androgen-sensitive and 

androgen-insensitive prostate cancer, as well as evaluating its molecular mechanisms of action in in vitro 

studies. 

 

Synthesis of 1,25(OH)2D3-3-BE  

 

Success of all the studies included in this project are critically dependent on the availability of 

1,25(OH)2D3-3-BE in substantial quantities.  In the past we synthesized this compound in a multi-step scheme 

using 1,25-dihydroxy-7-dehydrocholesterol as the starting material (R. Ray, S.A. Holick, and M.F. Holick. 

Synthesis of a photoaffinity-labelled analog of 1,25-dihydroxyvitamin D3. Journal of the Chemical Society, 

Chemical Communications 11: 702-703, 1985).  However, this starting material is no longer available.  

Therefore, we had to devise a synthetic scheme for obtaining substantial quantity of 1,25(OH)2D3-3-BE 

required for our studies by a scheme shown below.   

 

Synthetic procedures: 
 

a. 3-TBDMS ether of 25-hydroxyvitamin D3-SO2 adduct (B):  Approximately 10 ml of SO2 was condensed 

(-78
0
C) in a flask containing 200 mg of 25-

hydroxyvitamin D3 in a flask fitted with a trap that was 

cooled with dry ice-acetone (-78
0
C).  The yellow 

solution was refluxed with stirring for 4 hours followed 

by removal of SO2 with a stream of nitrogen to produce 

a foamy solid.  The foam was dissolved in 5 ml of 

anhydrous DMF (distilled fresh from CaO) and 

TBDMSCl (1.5 X), imidazole (2 X) were added and 

the solution was stirred at 25
0
C for 20 hours followed 

by removal of DMF under vacuo, re-dissolving the 

residue in EtOAc.  The organic solution was washed 

with water, organic layer was dried over anhydrous 

MgSO4, and the solution was concentrated under 

vacuo. The residue was moved on to the next step 

without further purification. 

 

b. Trans-25-hydroxyvitamin D3-3-TBDMS ether (C):  The crude from the previous step was dissolved in 

95% EtOH (10 ml) and NaHCO3 (244 mg) was added.  The mixture was refluxed under argon for 90 min 

followed by addition of brine and extraction of the aqueous solution with EtOAc.  The crude reaction product 

was purified by preparative TLC (silica plates, 1000µ, Analtech) to produce 56.7% of the desired product (C).   

c. Trans-1α,25-dihydroxyvitamin D3-3-TBDMS ether (D):  A mixture of (C) (760 mg) and SeO2 (192 mg) 

in 15 ml of anhydrous CH2Cl2 was refluxed under argon for 30 min followed by cooling to room temperature 

and addition of a solution of N-methylmorpholine-N-oxide (850 mg) in 15 ml of anhydrous CH2Cl2.  The 
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Figure 1: Dose-response study of 1,25(OH)2D3-3-BE or 1,25(OH)2D3 on the growth 
of LNCaP cells. Cells were treated with 10-7-6M of 1,25(OH)2D3-3-BE or 1,25(OH)2D3 or 
EtOH for 16 hours, and subjected to 3H-thymidine incorporation assay in the usual 
fashion.
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Figure 2: Dose-response study of 1,25(OH)2D3-3-BE or 1,25(OH)2D3

on the growth of DU-145 cells. Cells were treated with 10-7-6M of 
1,25(OH)2D3-3-BE or 1,25(OH)2D3 or EtOH in serum-containing media for 
48 hours (dosings at 0 and 24 hours), and subjected to 3H-thymidine 
incorporation assay in the usual fashion

mixture was refluxed for an additional 60 min when TLC indicated almost complete reaction, and refluxing was 

stopped.  The mixture was filtered and concentrated under vacuo.  The crude reaction product was purified by 

preparative TLC to produce almost a quantitative amount of the desired product (D). 

d. 1α,25-Dihydroxyvitamin D3-3-TBDMS ether (E):  80 mg of (D), anthracene (10 mg), Et3N (40 µl) in 10 

ml of toluene (in a quartz test tube) was irradiated from a Hanovia medium pressure mercury arc lamp for 75 

min.  The irradiated solution was concentrated and the crude mixture was purified by preparative TLC (1000 µ 

plate, 4:1 EtOAc-hexanes, multiple elutions, the desired product (most polar of all the photo-products) was 

isolated as a gummy liquid in 67% yield.   

e. 1α,25-Di-tetrahydropyranyl, 3-TBDMS ether of 1α,25-dihydroxyvitamin D3 (F):   A solution of (E) (35 

mg), DHP (60 µl) and a few crystal of PPTS in 1.0 ml of anhydrous CH2Cl2 was stirred for two days followed 

by preparative TLC procedure to produce 34 mg (74%) of the desired product (F). 

f. 1α,25-Di-tetrahydropyranyl,1α,25-

dihydroxyvitamin D3 (G):   A solution of 

(F) (17 mg) and 20 µl of TBAF (1M in 

THF) was dissolved in anhydrous THF (1 

ml) and stirred for 20 hours.  The reaction 

mixture was diluted with EtOAc, washed 

with brine, dried over anhydrous MgSO4, 

concentrated and purified by preparative 

TLC to produce quantitative amount of 

(G). 

g. 1α,25-Di-tetrahydropyranyl,1α,25-

dihydroxyvitamin D3-3-bromoacetate (H):   

A solution of (G) (8 mg), DCC (2.5 X, 

8.12 mg), DMAP (catalytic), bromoacetic 

acid (1.5 X, 3.3 mg) in one ml of 

anhydrous CH2Cl2 was stirred for 20 

hours followed by filtration of the 

mixture, concentration of the filtrate by a 

stream of nitrogen and preparative TLC 

purification of the reaction mixture 

produced quantitative amount of the 

desired product (H). 

h. 1α,25-Dihydroxyvitamin D3-3-bromoacetate:   A solution of (H) (7 mg) was dissolved in 3 ml of AcOH-

THF-H2O (4:2:1) and heated at 50
0
C for 20 hours.  Volatile matters were removed under a stream of nitrogen 

and the product was isolated by preparative TLC.  Yield of the desired product 1α,25-dihydroxyvitamin D3-3-

bromoacetate was quantitative.  NMR spectrum of the product (1,25(OH)2D3-3-BE), shown above corroborated 

well with its assigned structure.  

 

Cellular Studies: 

A. 1,25(OH)2D3-3-BE is superior to 1,25(OH)2D3 in inhibiting the growth of LNCaP (androgen-

sensitive), DU-145 and PC-3 (androgen-insensitive) prostate cancer cells: 

 

 LNCaP and 

DU-145 cells were 

grown to 

approximately 60% 

confluence in RPMI 

medium with 5% FBS 

and then treated with 
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Table 1: Trypan blue assay to determine the effect of 10-7M of 1,25(OH)2D3-3-
BE or 1,25(OH)2D3 on the growth of PC-3 cells

Sample % Inhibition % Live

Ethanol Control                                      0                                   100

1,25(OH)2D3 (10-7M)                               0                                   106.7

1,25(OH)2D3-3-BE (10-7M)                      66.7                              33.3
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Figure 3 : 3H-thymidine incorporation assays of DU -145 cells.  
Cells were treated with 10 -6M of 1,25(OH) 2D3-3-BE, EB -108, 
1,25(OH) 2D3 or ethanol (control) in serum -containing medium 
for 48 hours (two dosing at 0 and 48 hours) followed by 3H-
thymidine incorporation assays in the usual fashion.  
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Figure 3 : 3H-thymidine incorporation assays of DU -145 cells.  
Cells were treated with 10 -6M of 1,25(OH) 2D3-3-BE, EB -108, 
1,25(OH) 2D3 or ethanol (control) in serum -containing medium 
for 48 hours (two dosing at 0 and 48 hours) followed by 3H-
thymidine incorporation assays in the usual fashion.  

1,25(OH)2D3
-treated

1,25(OH)2D3-3-BE
-treated

Vehicle
-treated

Figure 4: Microscopic appearance of LNCaP cells treated for 16 hours 
with EtOH (vehicle) or 10-6M of 1,25(OH)2D3-3-BE or 1,25(OH)2D3.

Vehicle control 500 nM 1,25(OH)2D3-3-BE

PC-3 
(Tumorigenic)

RWPE-1
(Non-tumorigenic)

Figure 5:  Confocal image of PC-3 (tumorigenic) and RWPE-1 (non-
tumorigenic prostate cells):  treated with 500 nM of 1,25(OH)2D3-3-BE 
or EtOH for 24 hr in full serum medium;  green: live cells, red:  dead cells

various doses 1,25(OH)2D3-3-BE and 1,25(OH)2D3 in 

serum-containing medium for 16-48 hours followed by 
3
H-thymidine incorporation assay (LNCaP and DU-

145) or Trypan Blue assay for PC-3 cells.  Results of 

this assay demonstrate that 1,25(OH)2D3-3-BE is 

strongly antiproliferative in all the cell-lines.  

However, equivalent amounts of 1,25(OH)2D3 showed 

significantly lower or no effects in these cells (Figures 

1 & 2, and Table 1).   

  

B. Comparison of the effects of 1,25(OH)2D3-3-BE, 

1,25(OH)2D3 and EB-1089 in DU-145 cells: 

 

 At present EB-1089 is the most promising non-calcemic analog 

of 1,25(OH)2D3 that has shown strong promise in inoperable 

hepatocellular carcinoma (Dalhoff K, Dancey J, Astrup L, Skovsgaard 

T, Hamberg KJ, Lofts FJ, Rosmorduc O, Erlinger S, BachHansen J, 

Steward WP, Skov T, Burcharth F, Evans TR.  A phase II study of the 

vitamin D analogue Seocalcitol in patients with inoperable 

hepatocellular carcinoma. Brit. J. cancer 89: 252-257, 2003).  We compared the antiproliferative effect of EB-

1089, 1,25(OH)2D3 and 1,25(OH)2D3-3-BE in DU-145 cells by 
3
H-thymidine incorporation assay.  As shown in 

Figure 3, only 1,25(OH)2D3-3-BE showed a strong antiproliferative effect in DU-145 cells.   

 

C. Microscopic appearance of LNCaP cells dosed with 1,25(OH)2D3-3-BE or  1,25(OH)2D3: 

 

 LNCaP cells were dosed with 10
-6

M of 1,25(OH)2D3-3-BE or  

1,25(OH)2D3 for 6 hours and cells were visualized with a phase-

contrast microscope.  As shown in Figure 4, 1,25(OH)2D3-3-BE-dosed 

cells appeared to round up and lift off the plate, denoting cell-death, 

while 1,25(OH)2D3 or EtOH (control)-treated cells appeared normal.  
  

D. Tumorigenic PC-3 cells are sensitive to 1,25(OH)2D3-3-BE-

treatment, but normal RWPE-1 prostate cells are not:  

 

 PC-3 and RWPE-1 cells were dosed with 500 nM of 

1,25(OH)2D3-3-BE or EtOH (control) for 24 hr, and treated 

with dyes and visualized  by confocal microscopy.  As 

shown in Figure 5, tumorigenic PC-3 cells showed 

extensive cell-death, but not RWPE-1 normal cells.  These 

results suggested that normal prostate cells may not be 

sensitive to 1,25(OH)2D3-3-BE-treatment, but cancer cells 

are.  This is a very interesting finding if we are to develop 

1,25(OH)2D3-3-BE as a therapeutic agent for prostate 

cancer.   

 

Mechanistic Studies 

 

A. 1,25(OH)2D3-3-BE causes apoptosis in prostate 

cancer cells: 
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Figure 7: FACS analysis of PC-3 cells treated with EtOH (control) or 
10-6 M of 1,25(OH)2D3-3-BE or 1,25(OH)2D3 for 12 hours.  
A:  PC-3 + EtOH (control); B:  PC-3 + 1,25(OH)2D3 (10-6M); 
C:  PC-3 + 1,25(OH)2D3-3-BE (10-6M).
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Figure 6:  Caspase 3,7 activity assay in DU-145 cells following 
treatment with 10- M of 1,25(OH) D and 1,25(OH) D -3-BE

Figure 8:  PARP-cleavage analysis  of DU-145 cells  treated with 
10-6-7M of 1,25(OH)2D3 or 1,25(OH)2D3-3-BE

p-AKT

AKT

Figure 9:  DU-145 cells were treated for 6 hours with
10-6M of 1,25(OH)2D3 or 1,25(OH)2D3-3-BE or EtoH, 

followed  by Western Blot analysis for p-Akt

24-OHase

β-Actin

1,25(OH)2D3 (nM):      0     10    100    10    100    0       0         0      0

1,25(OH)2D3-3-BE (nM):      0      0       0       0       0     10    100     10    100

ZK159222 (µM):       0      0       0       1      10     0       0        1      10

Figure 9:  Effects of various doses of 1,25(OH)2D3 or 1,25(OH)2D3-3-BE 
on the 24-OHase gene-message in LNCaP cells: treated either alone or in 
the presence of an excess of 1,25(OH)2D3-antagonist, ZK 159222.

 

 Results of Figure 4 suggests that 1,25(OH)2D3-3-BE causes programmed cell death (apoptosis) in 

LNCaP cells.  This phenomenon was confirmed in DU-145 cells, where treatment with 1,25(OH)2D3-3-BE 

increased caspase 3/7 activity, a marker for apoptosis, while caspase 3/7 activity was not induced in 

1,25(OH)2D3 and EtOH-treated cells (Figure 6).  This phenomenon was further confirmed in PC-3 cells in 

which 1,25(OH)2D3-3-BE-treatment caused 81% cells to undergo apoptosis, while only approximately 5-6% 

cells underwent apoptosis by 1,25(OH)2D3 or EtOH-treatment 

(Figure 7).  

 

B. Apoptosis by 

1,25(OH)2D3-3-BE 

doesn’t involve 

PARP-cleavage: 

 

 In many cells 

apoptosis is 

accompanied by 

PARP-cleavage, but in DU-145 cells 1,25(OH)2D3-3-BE-induced 

apoptosis did not appear to involve PARP-cleavage (Figure 8). 

 

C. 25-Hydroxyvitamin D3-3-BE (25-OH-D3-3-BE) inhibits 

Akt-phosphorylation in DU-145 cells: 

 

 Akt is a pro-survival protein in the P13K/PTEN pathway.  

Many antiproliferative agents inhibit phosphorylation of Akt as a 

part of their mechanism to inhibit growth of cancer cells.  We 

observed that 25-OH-D3-3-BE, a counterpart of 1,25(OH)2D3-3-BE  

without the 1-hydroxyl group, inhibits Akt-phosphorylation in DU-

145 cells (Figure 9).  

 

 D. Modulation of 1,25-dihydroxyvitamin D3-24-hydroxylase 

(CYP24-OHase) gene by 1,25(OH)2D3 and 1,25(OH)2D3-3-BE in 

LNCaP cells: 

The CYP24 gene product CYP24-OHase catalyzes the 

introduction of a hydroxyl group at the 24-position in 1,25(OH)2D3, 

followed by multiple oxidations of the side chain leading to calcitroic 

acid, the final catabolite that is excreted.  Therefore, CYP24 is the 

initiator of the catabolic degradation of 1,25(OH)2D3 in vivo.  

Furthermore, CYP24 gene is a VDR-inducible gene.  We 

hypothesized that covalent attachment of 1,25(OH)2D3-3-BE 

deep inside the ligand binding pocket of VDR will prevent it 

from reacting with CYP24-OHase and decrease its 

catabolism.  In essence it would require more 1,25(OH)2D3-3-

BE to induce the same level of CYP24 message as 

1,25(OH)2D3. 

Results of this experiment, shown in Figure 9, 

demonstrate that treatment of LNCaP cells with 10
-7

M of 

1,25(OH)2D3 strongly induces CYP24-message, and moderately with 10
-8

M.  In the case of 1,25(OH)2D3-3-BE, 
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Figure 10:  MS/MS analysis of organic-extract of serum 
sample of a mouse injected with 1,25(OH)2D3-3-BE for 4 hr.  
1,25(OH)2D3-3-BE is indicated by an arrow (bottom). Note:  
Matrix spectrum does not contain the 536.07 mass 
peak present in serum sample. 

Matrix

Serum-sample

1,25(OH)2D3-3-BE

induction of  CYP24 mRNA is observed only at 10
-7

M, and intensity of message is similar to 10
-8

M of 

1,25(OH)2D3.  These results demonstrate a log scale difference in inducing the message for CYP24 between 

1,25(OH)2D3 and 1,25(OH)2D3-3-BE.  

   To further investigate the requirement for VDR in 1,25(OH)2D3-3-BE action, we used a VDR- specific 

antagonist, ZK159222 which has been shown to be effective in blocking VDR- mediated gene regulation.  

Therefore, LNCaP cells were treated with either 1,25(OH)2D3-3-BE or ZK 15922 alone or in combination, and 

the levels of CYP24 mRNA analyzed by RT-PCR.   

 In our experiment we observed that CYP24-message (by 1,25(OH)2D3 and 1,25(OH)2D3-3-BE) was 

reduced by ZK15922 in a dose-dependent fashion, and completely obliterated with 10
-4

M (of ZK15922).  

Collectively these results strongly suggest that cellular effects of 1,25(OH)2D3-3-BE in LNCaP prostate cancer 

cells are VDR-dependent. 

 

Bio-availability study:  1,25(OH)2D3-3-BE remains in circulation for at least up to six hrs in mice:  

 

Normal Balb C mice were dosed (i.p.) with 2 µg/kg of 

1,25(OH)2D3-3-BE or vehicle (5% DMA in sesame oil).  The 

animals were sacrificed at 0.5, 1.0, 2.0, 4.0 and 6.0 hours, blood 

was withdrawn by cardiac puncture and sera made.  Serum 

samples were extracted with ethyl acetate and analyzed in a 

HPLC/MS (Voyager).  As shown in the Fig. 10, a serum sample (4 

hr-treatment, a representative sample) contains a peak for 

1,25(OH)2D3-3-BE.  Matrix sample and control sera samples do 

not contain this peak.  This peak was visible at least up to 6 hr, 

indicating that 1,25(OH)2D3-3-BE remains in circulation for at 

least 6 hr.   

 

Determination of maximum tolerable dose (MTD) of 

1,25(OH)2D3-3-BE: 

 

Twenty (20) male nu/nu mice, 6 weeks old (Charles River 

Laboratories, Wilmington, MA) were grouped in five (5) animals 

each and injected (i.p.) with either vehicle (sesame oil) or 0.75 

µg/kg, 1.0 µg/kg and 1.25 µg/kg of 1,25(OH)2D3-3-BE (in sesame 

oil) on every third day.  Mice were observed for sign of toxicity 

including lack of apetite, weight loss, lethargy etc.  After seven (7) injections three (3) mice (out of a total of 5) 

receiving 1.25 µg/kg of 1,25(OH)2D3-3-BE died, and the experiment was stopped. 

 

Dose Number Dead 

Sesame oil 0 

0.75 µg/Kg 0 

1.0 µg/Kg 0 

1.25 µg/Kg 3 

 

Based on the results shown in the above table MTD of 1,25(OH)2D3-3-BE was ascertained to be 

between 1.0 – 1.25 µg/kg.   

 

1,25(OH)2D3-3-BE inhibits the growth of established hormone-refractory tumor in a mouse xeonograft 

model (p.o. and i.p. administrations):   
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Figure 11A:  Effect of 1,25(OH)2D3, 1,25(OH)2D3-3-BE and EB-
1089 (q.o.d. X 10, p.o.) on tumor volume in DU-145 mouse 
xengraft model.
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Figure 11B:  Effect of 1,25(OH)2D3, 1,25(OH)2D3-3-BE and 
EB-1089 (q.o.d. X 10, p.o.) on body weight in DU-145 mouse 
xengraft model.
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Figure 12A:  Effect of 1,25(OH)2D3, 1,25(OH)2D3-3-BE and 
EB-1089 (q.o.d. X 10, i.p.) on tumor volume in DU-145 
mouse xengraft model.

Figure 12B:  Effect of 1,25(OH)2D3, 1,25(OH)2D3-3-BE and 
EB-1089 (q.o.d. X 10, i.p.) on body weight in DU-145 mouse 
xengraft model.
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Male, athymic mice (average weight 20 gm), fed normal rat chow and water ad lib were inoculated with 

culture-grown DU 145 cells in the flank.  When the tumor size grew to approximately 100 mm
3
 the animals 

were randomized into groups of ten (10), and they were given 1,25(OH)2D3-3-BE, 1,25(OH)2D3, EB-1089, and 

vehicle (5% dimethyl-acetamide, DMA in sesame oil) by oral gavage (p.o.) or intraperitoneal injection (i.p.) on 

every third day (when body weights were determined); and one group was left untreated (doses are noted in 

Figures  11 & 12). Treatment started on day 11 and stopped on day 30; and animals were left untreated for two 

(2) additional days when they were sacrificed and blood was collected for serum-calcium determination.   

 

Summary of results:  

 

P.O. mode:  

(i) 1,25(OH)2D3-3-BE and 1,25(OH)2D3 (each 0.5 g/kg) showed a strong and similar anti-tumor effect 

(Figure 11A), far greater than 0.5 g/kg and 1.0 g/kg of EB-1089.  Molecular weights of 1,25(OH)2D3 and 

1,25(OH)2D3-3-

BE are 416.65 

and 537.8 

respectively.  

Therefore 

according to this 

graph 

1,25(OH)2D3-3-

BE is 

approximately 

1.3-times more 

efficacious than 

an equimolar 

amount of 

1,25(OH)2D3.  

 (ii)  1,25(OH)2D3-3-BE did not cause any gross toxicity, as reflected in body weight in contrast with 

1,25(OH)2D3 which caused significant toxicity (Figure 11B).  EB-1089 was not toxic. 

 

I.P. mode: 

 (i) Tumor 

inhibitory effect of 

1,25(OH)2D3-3-BE 

(0.1 g/kg) was 

similar to 

1,25(OH)2D3 (0.5 

g/kg), and far 

greater than 0.5 

g/kg and 1.0 

g/kg of EB-1089 

(Figure 12A).  

Considering the 

MWs of the 

compounds, 

1,25(OH)2D3-3-BE is approximately 7-times more efficacious than an equimolar amount of 1,25(OH)2D3.   

(ii) 1,25(OH)2D3-3-BE caused some gross toxicity, as reflected in body weight, however it was less than 

1,25(OH)2D3 (Figure 12B).  EB-1089 was not toxic. 
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Serum calcium: We waited for two additional days after stopping the dosing and sacrificing the animals.  

Serum-calcium values of treated animals were not significantly different from controls (un-treated and vehicle-

treated, results not shown), demonstrating that 1,25(OH)2D3-3-BE and 1,25(OH)2D3 have no residual toxicity at 

this dose (results not shown).   

 

 In general, oral administration of any drug is far more desirable than any injectable form.  Therefore, the 

p.o.-data is highly significant.  Since 1,25(OH)2D3-3-BE is non-toxic at 0.5 g/kg, presumably considerably 

higher dose can be used with a stronger anti-tumor effect and less/no toxicity.  I.p. data support our hypothesis 

that covalent attachment of 1,25(OH)2D3 (to VDR ligand-binding domain, via 1,25(OH)2D3-3-BE) will increase 

its half-life, engage and keep VDR transcriptionally active for a longer period which may result in better 

efficacy (7-times better in this case) but it may cause some toxicity.  Dose-level can certainly be lowered to 

obtain better efficacy/toxicity index.   
 

Attempts to develop of a mouse xenograft model of androgen-sensitive human prostate tumor: 

  

 Our overall goal for this project is to determine the efficacy of 1,25(OH)2D3-3-BE in both androgen-

sensitive, as well as androgen –insensitive human prostate tumor.  As described above we have developed an 

athymic mouse xenograft model for androgen-insensitive (DU-145) prostate tumor.  However, all our attempts 

to develop an androgen-sensitive prostate tumor model with androgen-sensitive prostate cancer cells failed.  

Upon investigating this matter with researchers who have published on this model we obtained an unequivocal 

response:  it is ‘unpredictable’ at its best, and ‘extremely difficult’ at its worst.   

 

 There are several treatment-options for androgen-sensitive prostate cancer, but there is no therapy to 

date of androgen-insensitive and metastatic prostate cancer.  Therefore, demonstration of the efficacy of 

1,25(OH)2D3-3-BE in reducing tumor-size in an androgen-insensitive tumor model is highly significant.   

 

Summary of the abovementioned studies: 

 

(i) Developed a synthetic scheme of 1,25(OH)2D3-3-BE to obtain large quantities of this compound that 

will be required for future studies. 

 

(ii) Carried out growth assays in androgen-sensitive and androgen-insensitive prostate cancer cells to 

demonstrate that 1,25(OH)2D3-3-BE is far superior than 1,25(OH)2D3 in inhibiting the growth of several 

prostate cancer cells.  

 

(iii) Demonstrated that 1,25(OH)2D3-3-BE does not inhibit the growth of normal prostate cells.  

 

(iii) Carried out several mechanistic studies to determine a.  role of VDR in its cellular activities of 

1,25(OH)2D3-3-BE, and  b.  various pathways for its apoptotic and growth-inhibitory activities. 

 

(iv) Determined bio-availability 1,25(OH)2D3-3-BE in mice. 

 

(v) Determined maximum tolerated dose (MTD) of 1,25(OH)2D3-3-BE in mice. 

 

(vi) Developed a mouse model of androgen-insensitive prostate cancer, and demonstrated that 1,25(OH)2D3-

3-BE strongly reduces tumor size, and it is largely non-toxic, demonstrating a strong therapeutic potential of  

1,25(OH)2D3-3-BE in prostate cancer.  

 

Completed projects/studies beyond the Specific Aims of this PCRP grant  
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Figure 13:  3H-Thymidine assays of DU-145 cells treated 
with naked or liposomal 1,25(OH)2D3 or 1,25(OH)2D3-3-BE 
and controls (EtOH or blank liposome)  

 

 During the tenure of this grant we completed the tasks specified in the Specific Aims.  In addition, we 

initiated projects/carried out studies to (i)  further investigate the potential of 1,25(OH)2D3-3-BE in prostate 

cancer in terms of formulation and delivery, and (ii)  evaluate therapeutic potential of 1,25(OH)2D3-3-BE in 

other malignancies.   

 

Liposomal preparation of 1,25(OH)2D3-3-BE and demonstration that liposomal 1,25(OH)2D3-3-BE 

[(1,25(OH)2D3-3-BE)LIP] is a significantly stronger antiproliferative agent than liposomal 1,25(OH)2D3 in 

prostate cancer cells: 

 

Phospholipid liposomes are small, uniform particles that are made up of biocompatible phospholipids 

and cholesterol; and they are designed to encapsulate drugs in the lipid-bilayer of the liposomes.  Liposomal 

formulation of 1,25(OH)2D3-3-BE is designed increase circulatory half-life and efficacy resulting in an 

improved therapeutic index for this vitamin D–based drug in prostate cancer.   

 

We made a simple liposomal preparation of 1,25(OH)2D3 and 

1,25(OH)2D3-3-BE  from cholesterol (1 μg), dimethylphosphotidyl 

choline (DMPC) (20 μg) and 1,25(OH)2D3 (1 μg) or 1,25(OH)2D3-3-

BE (1 μg) by drying a chloroform solution in a stream of argon, 

rehydration with PBS (2.5 ml) followed by mixing by brief vortexing 

and sonication for 15 min.  The milky solution was incubated at 50
0
C 

for 50 min and frozen at -77
0
C for 20 min.  This heating and freezing 

cycle was repeated once, and the preparation was stored at 4
0
C for use 

in assays.  These liposomal preparations were used in growth assays 

in DU-145 cells.   

 

Results (Figure 13) show that growth inhibitory effect of liposomal 

1,25(OH)2D3-3-BE (10
-7

M) is significantly stronger than naked 

1,25(OH)2D3-3-BE (Figure 13B). 10
-6 

M of liposomal and naked 

1,25(OH)2D3-3-BE almost killed all the cells, while an equivalent 

amount (10
-6

M) of liposomal and naked 1,25(OH)2D3 had no effect on 

cell-growth (Figure 13A).  These results make a strong case 

developing tumor-targeted, pH-sensitive stealth liposomes of 1,25(OH)2D3-3-BE for further development. 

Results of this study are delineated a recent publication [Liposomal 1,25-dihydroxyvitamin D3-3β-bromoacetate 

is a stronger growth-inhibiting agent than its un-encapsulated counterpart in prostate cancer cells.  K. S. 

Persons, S. Hareesh, V. J. Eddy, R. Ray, Journal of Steroid and Hormonal Science (In Press, attached)].  

 

Extending our studies with 1,25(OH)2D3-3-BE beyond prostate cancer into other malignancies:   

 

 1,25(OH)2D3 has shown promise in many cancers and other diseases.  Therefore, we explored 

therapeutic potential of 1,25(OH)2D3-3-BE in other cancers, particularly pancreatic and kidney cancers, where 

therapeutic options are extremely limited. 

 

Screening of cancer cells, other than prostate cancer for anti-proliferative activity of 1,25(OH)2D3-3-BE 

 

 A summary of these studies are given below. 

 

(i) 1,25(OH)2D3-3-BE strongly inhibited the growth of several cell-lines of pancreatic, renal, colon cancers, 

but not breast cancer.  1,25(OH)2D3-3-BE was also found to be highly effective in leukemia cells. 
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(ii) We have carried out extensive studies on the effect of 1,25(OH)2D3-3-BE on renal cancer, including in 

vivo studies in a mouse model of renal cancer.  These results are included in a recent publication from our group 

[A vitamin D receptor-alkylating derivative of 1α, 25-dihydroxyvitamin D3 inhibits growth of human kidney 

cancer cells and suppresses tumor growth.  J. R. Lambert, V. J. Eddy, C.D. Young, K.S. Persons, S. Sarkar, 

J.A. Kelly, E. Genova, M.S. Lucia, D.V. Faller, R. Ray. Cancer Prevention Research (In Press, attached)]. 

 

(iii) 1,25(OH)2D3-3-BE displayed strong activity in several pancreatic cancer cells.  In addition 

1,25(OH)2D3-3-BE showed strong synergistic activity with AICAR (a metformin group of compound).  These 

results are described in our recent publication [Anti-growth Effect of 1,25-Dihydroxyvitamin D3-3-

bromoacetate Alone or in Combination with 5-Amino-imidazole-4-carboxamide-1-β-4-ribofuranoside in 

Pancreatic Cancer Cells.  K.S. Persons, V.J. Eddy, S. Chadid, R. Deoliveira, A.K. Saha, R. Ray.  Anticancer 

Research  30:1875-80, 2010] (attached).  

  

KEY RESEARCH ACCOMPLISHMENTS 

 

• Demonstrated strong growth-inhibitory activity of 1,25(OH)2D3-3-BE in cells from prostate, kidney, and 

pancreatic cancers. 

 

• Launched several mechanistic studies to evaluate the molecular pathway of action of 1,25(OH)2D3-3-

BE.   

 

• Developed mouse models for androgen-sensitive prostate cancer and kidney cancer, and demonstrated 

strong anti-tumor activity of 1,25(OH)2D3-3-BE. 

 

• Showed strong synergistic activity of 1,25(OH)2D3-3-BE with AICAR (in pancreatic cancer cells), and 

sorefenib in kidney cancer cells (results not shown). 

  

• Demonstrated that 1,25(OH)2D3-3-BE can potentially be developed as a therapeutic agent for several 

cancers. 

  

REPORTABLE OUTCOME 

 

During the tenure of this grant our efforts with 1,25(OH)2D3-3-BE has generated ten (10) peer-reviewed  

publications (copies attached in the appendix), several abstracts (three attached in the appendix), one book 

chapter (copy attached in the appendix) and three  invited lectures (included in the appendix). 

 

CONCLUSION 

 

Our effort for the past five years has established the groundwork for developing 1,25(OH)2D3-3-BE, 

either alone or in combination with other chemotherapeutic agents for several cancers.  
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APPENDIX 

 

 

Meeting Abstract 1:   

 

IMPACT meeting, Atlanta, GA, September 5-8, 2007 

 

A NOVEL VITAMIN D COMPOUND FOR PROSTATE CANCER 

 

Rahul Ray; James Lambert (University of Colorado Health Science Center, Aurora, CO), Sibaji Sarkar, Kelly S. 

Persons. 

 

Numerous epidemiological studies have demonstrated the importance of dietary vitamin D in preventing 

various cancers, including prostate cancer.  In addition, therapeutic potential of 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3), the biologically active metabolite of vitamin D, and its analogs in cancer is well-documented.  

However, inherent calcemic toxicity of this hormone, particularly at therapeutic doses, has prevented its general 

use as an anticancer agent, and opening the door for the development of vitamin D analogs with potent 

antiproliferative activity and reduced systemic toxicity. 

Prostate cancer cells respond to 1,25(OH)2D3 by decreasing proliferation and enhancing differentiation.  

These cell-regulatory processes result from a strong and specific interaction between 1,25(OH)2D3 and vitamin 

D receptor (VDR) present in the nucleus of the tumor cells.  With financial support from the Department of 

Defense Prostate Cancer Research Program, Fiscal Year 2005 Idea Development Award we have developed a 

novel derivative of 1,25(OH)2D3 [1,25-dihydroxyvitamin D3-3-bromoacetate, 1,25(OH)2D3-3-BE] that 

covalently attaches 1,25(OH)2D3 inside the ligand-binding pocket of VDR.  We hyothesized that covalent 

attachment of 1,25(OH)2D3 (via 1,25(OH)2D3-3-BE) inside the VDR-binding pocket will not allow the catabolic 

enzymes to degrade 1,25(OH)2D3, and effectively increase the potency of 1,25(OH)2D3.  As a result lesser 

amount of 1,25(OH)2D3 –3-BE will be required for tumor-reduction with diminished toxicity. 

In vitro assays of 1,25(OH)2D3-3-BE demonstrated that this compound has strong growth-inhibitory 

property in several hormone-sensitive and hormone-insensitive prostate cancer cells (LNCaP, PC-3, DU-145, 

LAPC-4).  This growth-inhibitory effect is considerably stronger than an equimolar amount of 1,25(OH)2D3.  

Furthermore, we observed that 1,25(OH)2D3-3-BE induces programmed cell death or apoptosis in these cells 

(contrary to 1,25(OH)2D3) as demonstrated by fragmentation of nuclear DNA and activation of pro-apoptotic 

caspases.  Most importantly preliminary in vivo studies showed that 1,25(OH)2D3-3-BE strongly reduces 

androgen-refractory prostate tumor (DU-145) in a mouse xenograft model without causing significant toxicity.  

These results demonstrate strong therapeutic potential of 1,25(OH)2D3-3-BE in prostate cancer. 

Aphios Corporation, Woburn, MA has procured the exclusive right to use this compound in prostate 

cancer.  They are in the process of making liposomal preparations of 1,25(OH)2D3-3-BE in anticipation of 

clinical trial.  Furthermore, 1,25(OH)2D3-3-BE  

has shown very strong promise in pancreatic, renal and bladder cancers.   

In summary, we have used funds from DOD, PCRP to develop a vitamin D compound with strong 

therapeutic and commercial potential for prostate and other cancers. 

IMPACT: No therapy is currently available for prostate cancer, localized or metastasized that fail to 

respond to androgen therapy.  Our results demsonstrtate that 1,25(OH)2D3-3-BE, a derivative of 1,25(OH)2D3, 

has a strong therapeutic potential in such malignancies. 

 

Meeting Abstract 2:  

 

Nano Science and Technology Institute, Annual meeting, Santa Clara, CA, May 20-24, 2007. 
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Nanosomal formulation of a vitamin D receptor alkylating compound for prostate cancer.  Rahul Ray
1
, 

and Trevor Castor
2
.  

1
Boston University School of Medicine, Boston, MA 02118, 617-638-8199, FAX 617-638-

8194, bapi@bu.edu, and 
2
Aphios Corporation, Woburn, MA 01801, 781-932-6933, FAX 781-932-6865, 

tcastor@aphios.com  (Cancer Ligands) 

  Prostate cancer is the second leading cause of cancer death in men in the US.  The mainstay of 

chemotherapy includes androgen-deprivation.  However, no therapy is currently available for prostate cancer, 

localized or metastasized that fail to respond to androgen therapy.  In addition to androgens, prostate cancer 

cells respond to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) by decreasing proliferation and enhancing 

differentiation.  Furthermore, most cancer cells contain nuclear vitamin D receptor (VDR) that is responsible for 

the biological actions of 1,25(OH)2D3.  However, use of 1,25(OH)2D3 has been seriously limited by risk of 

hypercalcemia and hypercalciuria at pharmacological doses.   

Interaction between 1,25(OH)2D3 and VDR is an equilibrium process.  Therefore, in the steady state a 

finite amount of free 1,25(OH)2D3 (not bound to VDR) is always present in the equilibrium mixture, which 

undergoes rapid catabolic degradation.  From a therapeutic standpoint such catabolic degradation is met 

clinically with high doses that cause toxicity.   Therefore, if catabolic degradation of 1,25(OH)2D3 is reduced or  

eliminated its therapeutic potency can be enhanced significantly.  

1,25-Dihydroxy vitamin D3-3-bromoacetate (1,25(OH)2D3 –3-BE) is a derivative of 1,25(OH)2D3 

which reacts specifically with a single Cysteine residue in the ligand binding pocket of VDR.  We argued that, 

1,25(OH)2D3-3-BE, once covalently linked to VDR, cannot exit the binding pocket; making it an irreversible 

process.  Furthermore, 1,25(OH)2D3 –3-BE, covalently linked inside VDR binding pocket is prevented from 

interacting with catabolic enzymes.  We hypothesized that such a process will increase the effective 

concentration of 1,25(OH)2D3; and lesser amount of 1,25(OH)2D3 –3-BE will be required for tumor-reduction 

with diminished toxicity.    

 In vitro tests of 1,25(OH)2D3-3-BE demonstrated that this compound has strong growth-inhibitory and 

apoptosis-inducing properties in several hormone-sensitive and hormone-insensitive prostate cancer cells 

(LNCaP, PC-3, DU-145).  This growth-inhibitory effect was significantly stronger than an equimolar amount of 

1,25(OH)2D3.  Furthermore, 1,25(OH)2D3-3-BE induces apoptosis in these cells contrary to 1,25(OH)2D3.  

Additionally, preliminary in vivo studies showed that 1,25(OH)2D3-3-BE is of low-toxicity, and it strongly 

reduces androgen-refractory prostate tumor (DU-145) in a mouse xenograft model.  On a molar basis 

1,25(OH)2D3-3-BE is approximately six (6) times stronger than 1,25(OH)2D3 in reducing tumor-size.  It is also 

significantly less toxic than an equimolar amount of 1,25(OH)2D3.  Therefore, 1,25(OH)2D3-3-BE has a strong 

therapeutic potential in prostate cancer.      

Phospholipid nanosomes are small, uniform liposomes that are made up of biocompatible phospholipids 

and cholesterol; and they are designed to encapsulate vitamin D drugs in the lipid-bilayer of the nansomes.  

Nanosomal formulation of 1,25(OH)2D3-3-BE is designed to further reduce systemic toxicity, increase 

circulatory half-life and efficacy resulting in an improved therapeutic index for this vitamin D–based drug in 

prostate cancer.   

In summary, novelty of our approach is development of a derivative of 1,25(OH)2D3 (1,25(OH)2D3-3-

BE)  to kinetically engage VDR to increase the half-life of 1,25(OH)2D3 , and increase its potency,   Nansomal 

formulation will further increase its circulatory half-life and efficacy, and decrease toxicity.   

 
 
 

Meeting Abstract 3:  

Fourteenth Brown University Symposium on vitamin D, Providence, RI, June 22-23, 2007 

Abstract: 

 

Harnessing the pharmacodynamic properties of vitamin D analogs: an old wine in a new bottle.  Rahul 

Ray, Ph.D., Boston University School of Medicine, Boston, MA 

mailto:tcastor@aphios.com


16 
 

 

Therapeutic potential of 1,25(OH)2D3-analogs depends on their pharmacodynamic/ pharmacokinetic properties 

including bioavailability and catabolic potential.  Affinity labeling analogs of 1,25(OH)2D3, that alkylate the 

ligand binding pocket of vitamin D receptor (VDR) can potentially avoid catabolism with the resultant effect of 

higher pharmacological efficacy at lower doses.  1,25-Dihydroxyvitamin D3-3-bromoacetate [1,25(OH)2D3-3-

BE], a VDR-affinity alkylating analog of 1,25(OH)2D3 displays significantly stronger growth-inhibitory effect 

than the parent hormone in prostate (androgen-sensitive and androgen-insensitive), kidney, pancreas and 

bladder cancer cells, but not in breast, colon and lung cancer cells.  1,25(OH)2D3-3-BE also shows strong tumor 

inhibition in a mouse xenograft model of androgen-insensitive prostate cancer.  Probable mechanism of action 

of this VDR-alkylating analog will be discussed.  

 

Meeting Abstract 4:  

13
th

 World Congress on Advances in Oncology, and 11
th

 International Symposium on Molecular 

Medicine.October 9-11, 2008, Crete, Greece. 

 

NUCLEAR TRANSCRIPTIONAL FACTORS AS MOLECULAR TARGETS FOR DRUG-

DISCOVERY AND DELIVERY 

Rahul Ray, Ph. D., Department of Medicine, Boston University School of Medicine, Boston, Massachusetts, 

USA 

Nuclear vitamin D receptor (VDR) and estrogen receptor (ER) are ligand-activated transcriptional 

factors for 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) and estrogen (E2) respectively; and are key players in 

manifesting antiproliferative (for 1,25(OH)2D3) and proliferative (for E2) properties of these ligands in cancer 

cells.  VDR is our target for developing potential therapeutic agents for cancer.  We have developed 1,25-

dihydroxyvitamin D3-3-bromoacetate (1,25(OH)2D3-3-BE), a derivative of 1,25(OH)2D3 that affinity alkylates 

the ligand-binding pocket of VDR in target cells, thereby activating the transcriptional machinery, but 

eliminating/reducing its own catabolic degradation.  Thus, we hypothesize that enhanced pharmacokinetic 

property of 1,25(OH)2D3-3-BE might increase its antiproliferative property in cancer cells.  We observed that 

1,25(OH)2D3-3-BE strongly inhibits the growth of prostate (androgen-sensitive and androgen-insensitive), 

kidney, pancreas and bladder cancer cells.  Mechanism of growth-inhibition (by 1,25(OH)2D3-3-BE) includes 

cell cycle arrest, apoptosis and autophagy.  In addition, 1,25(OH)2D3-3-BE down-regulates the message for 

1,25-dihydroxyvitamin D3-24-hydroxylase (CYP24) gene attesting to its decreased catabolism as predicted by 

our hypothesis.  Furthermore, 1,25(OH)2D3-3-BE strongly reduced androgen-insensitive prostate tumor growth 

in a mouse xenograft model.  Therefore, 1,25(OH)2D3-3-BE has a strong therapeutic potential in several 

malignancies.  On the other hand, we have targeted ER in ER-positive breast cancer cells for the selective 

delivery of a phototoxin (porphyrin) which can be activated (for cytotoxicity) by treatment with visible light.  

We have demonstrated that synthetic conjugates of estrogen and tamoxifen with a porphyrin are selectively 

taken up by ER-positive, but not by ER-negative breast cancer cells.  Furthermore, highly selective and efficient 

cell-kill can be achieved only in ER-positive breast cancer cells with these conjugates upon exposure to red 

light.  Therefore, this combination approach, including phototoxin conjugates of estrogen or anti-estrogen and a 

treatment-modality can potentially be applied clinically for hormone-sensitive cancers in organs where ER is 

significantly expressed.  In summary, our studies have demonstrated that molecular targeting of transcriptional 

factors has significant benefits in drug development, delivery and therapy.   

 

Invited Lectures: 

Indian Institute of Chemical Biology, Kolkata, India, May 24, 2007 

Title: Group specific component:  a protein that wears multiple hats 
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University of Calcutta, Kolkata, India, Department of Biotechnology, April 28, 2008 

Title:  Signal transduction via nuclear receptors: biochemistry, structural biology and therapeutic targets. 

 

Chittaranjan National Cancer Institute, Kolkata, India, July 8, 2009  

Title:  Vitamin D and cancer: vitamin D-based therapeutic agents for cancer. 
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